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. Present status of neutrino parameters

2. Neutrinos and physics BSM
- The origin of neutrino masses
- The problem of leptonic flavor
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4. The new mass scale and its tests

5. Conclusions
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Neutrino properties
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Am? < Am5 implies at least 3 massive neutrinos.

Normal ordering Inverted ordering
A 1112
3 4 2 $ £
1
Am4a A lnﬁ
&,
Amg
M7 = TMmin m3 = TMmin
— 2 2 _ 2 2 2
mo = \/mmin =+ A777JS()1 my = \/mmin+AmA A,’nsol
_ 2 2 _ 2 2
ms3 = \/mmin T A,rnA mo = \/mmin + Af'nA

Measuring the masses requires:
® the mass scale: Mmin

® the mass ordering.

3)
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Phenomenology questions for the future

e |. What is the nature of neutrinos?

- ¢ 2. What are the values of the masses? Absolute
v scale (KATRIN,...?) and the ordering.

e 3. 1Is there CP-violation?

e 4. What are the precise
values of mixing angles?

e 5. Is the standard picture correct? Are there NSI?
Sterile neutrinos? Other effects!?

Very exciting experimental programme now

. and for the future.
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Phenomenology questions for the future

e |. What is the nature of neutrinos?

e 2. What are the values of the masses? Absolute
v scale (KATRIN,...?) and the ordering.

MINOS, T2K,

e 3. Is there CP-violation? NOVA. LBNE,

e 4. What are the precise LB|I:\,IA\%-|-I-2HK’
values of mixing angles? rl‘]’lL:NERv.A

e 5. Is the standard picture correct? Are there NSI?
Sterile neutrinos! Other effects? MINOS+, MiniBooNE,
MicroBooNE

Very exciting experimental programme now

. and for the future.
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Neutrino oscillations imply that
neutrinos have mass and mix.

- First evidence of physics
beyond the SM.

The ultimate goal is to
understand
- where do heutrino masses come
from?
- what is the origin of leptonic
mixing?

8
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Open window on Physics beyond the SM

Neutrinos give a different perspective on physics BSM.

|. Origin of masses 2. Problem of flavour
~1 X N
u de s® be A ~1 )2 A~ 0.2
(large angle MSW) ure ce re )\3 )\2 ~ 1
Vi eV, eVy ce ue Te
L 0.8 0.5 0.16
S R 04 05 —0.7
. 04 05 0.7
Why neutrinos have mass? S
and why are they so lighter? Why leptonic mixing is
and why their hierarchy is at so different from
most mild? quark mixing?

This points towards a different origin of neutrino
masses and mixing from the ones for quarks:a
9 different window on the physics BSM.

|
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Open window on Physics beyond the SM

Neutrinos give a different perspective on physics BSM.

|. Origin of masses 2. Problem of flavour
~1 X X
(large angle MSW) )\3 )\2 ~ ]
b kb bk 08 05 0.16
= L 7= 0.4 05 —0.7
04 05 0.7

Why neutrinos have mass? -
and why are they so lighter? Why leptonic mixing is
and why their hierarchy is at so different from

most mild? quark mixing?

This points towards a different origin of neutrino

masses and mixing from the ones for quarks: a
10 different window on the physics BSM.
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Neutrino Masses in the SM and beyond

In the SM, neutrinos do not acquire mass and mixing:

® |ike the other fermions as there are no right-handed
“ neutrinos.

MeCLER m,,DL@

Solution: Introduce VR for Dirac masses

® they do not have a Majorana mass term
Muvi Cuy,

as this term breaks the SU(2) gauge symmetry.
This term breaks Lepton Number.
11
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Dirac Masses

If we introduce a right-handed neutrino, then an
interaction with the Higgs boson is allowed.

’\/ VAV AN AV A A AVAVAVAVA VA VAV AV AV AVAV AV AV AN AV AN AV AV AV AV AV AV AV AV AV AT AAVAV AV A Vo VAVAVAVA VAV AV

ER O SERCY

=l u conserves

- .-' P - /"”—ﬁ__ l‘l
e i Ll/\’\\,_..-»-l‘""" LU/ e 0 7“_1‘.’ Iepton

,I._,,..\ !

t g "'){;\ = Thanks to numb er!

e 72 H. Murayama

\Y ,

v - : = e _\/f —————— Y_l;, >

L =—y,L-Hvp+h.c.

Masses and Mixing emerge from diagonalising this matrix.

(f :"UT L TLR:VTVR
mp — YU = ‘/Tndiag(]Jr - Q
This is the mixing matrix which

12 enters in neutrino oscillations.
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V2m, 0.2 eV

Vg - 200 GeV
Tiny couplings!

-~ 10—12

Yp ~~

Many theorists consider this explanation of neutrino
masses not satisfactory. We would expect this Yukawa
couplings to be similar to the ones in the quark
sector:

|. why the coupling is so small????

2. why the mixings are large? (instead of small as in
the quark sector)

3. why neutrino masses have at most a mild hierarchy
if they are not quasi-degenerate! instead of what
happens to quarks?

13
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Majorana Masses

In order to have an SU(2) invariant mass term for
neutrinos, it is necessary to introduce a Dimension 5
operator (or to allow new scalar fields, e.g. a triplet):

L-HL-H Jv?
—,C =\ — —HVTCTVL
M M 8 Lepton number

Weinberg operator violation!

D=5 term

. Masses and mixing come from diagonalising the mass matrix

MM — (Uer)TTndiangJr nrg — UTVL

If neutrino are Majorana particles,a Majorana mass
can arise as the low energy realisation of a higher

energy theory (new mass scale!).
14
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Standard
Model:
W exchange

effective

theory
2
9

Lsy < gvpyerW, = Gp o< —5—
myy

New theory:

Neutrino mass new partlc;le
exchange with

L-HL-H mass M
L=
M

15
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o

Fermion
singlet

T 4

Minkowski, Yanagida, Glashow,
Gell-Mann, Ramond, Slansky,
Mohapatra, Senjanovic

16

Uy, UL

Magg, Wetterich, Lazarides,
Shafi. Mohapatra, Senjanovic,
Schecter,Valle

-HL-H

See-saw Type |

Fermion

triplet

Ma, Roy, Senjanovic,
Hambye
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Neutrino masses BSM: see saw mechanism type |

* Introduce a right handed

neutrino N
* Couple it to the Higgs

-, _\\ H L=-Y,NL-H—1/2N°MN
Y20y 1 GeV?
OT o My = z’(;H - 101(52[\/ ~0deV
mD MN N ©

Minkowski; Yanagida; Glashow; Gell-Mann, Ramond,
Slansky; Mohapatra, Senjanovic

See-saw type | models can be embedded in GUT theories
and explain the baryon asymmetry via leptogenesis.

17
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The resulting massive states are Majorana particles and

Vactive _@nz light —I_@ Nk ,heavy

?,
Active and heavy mip 2 90/
Y., = el 24 B 3 1
neutrino mixing: ; Wi

Non unltarlty

Pros:

- they explain “naturally” the smallness of masses.

- can be embedded in GUT theories!

- have several phenomenological consequences
(depending on the mass scale), e.g. leptogenesis, LFV

Cons:

- the new particles are typically too heavy to be
produced at colliders (but TeV scale see-saws)

- the mixing with the new states are tiny

- many more parameters than measurable

- in general: difficult to test

18
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Neutrino masses BSM: see saw mechanism type |l

We introduce a Higgs triplet which ‘. .
couples to the Higgs and left handed ey o
neutrinos. It has hypercharge 2. "\_‘
LA X yALTC_IJZ-AiL + h.c. -
A+ VL V.
with A; = ( At )
AO

Once the Higgs triplet gets a vey,
Majorana neutrino masses arise:

My ~ YAUA

Cons: why the vev is very small?

Pros: the component of the Higgs triplet could tested
directly at the LHC.

19
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We introduce a fermionic triplet
which has hypercharge 0.

Lr < yrLoH -T + h.c.
. T Tt
th —
wieh ( - —T° )

Majorana neutrino masses are
generated as in see-saw type |:

/ ¥ ]--

Fermion

Neutrino masses BSM: see saw mechanism type |l

triplet

/ o ],

~ T —1
m, = _yTMT yrv

2
H

Pros: the component of the fermionic triplet have gauge

interactions and can be produced at the LHC

Cons: why the mass of T is very large?

20
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Extensions of the see saw mechanism

Models in which it is possible to lower the mass scale
(e.g. TeV or below), keeping large Yukawa couplings and
sizable mixing have been studied.

Let’s introduce two right-handed singlet neutrinos.
L=YL- -HNj+YyL - HNS + AN{Ny + i/ NFCN; + uNFCN,

See e.g. Gavela et al., 0906.1461;
0 Y Y2 U Ibarra, Molinaro, Petcov,
Yo / A 1103.6217; Kang, Kim, 2007;
H Majee et al., 2008; Mitra,
r YQ’U A v Senjanovic,Vissani, | 108.0004;

Malinsky, Romao, Valle, 2005

(k'Y 4+ Ep'Y; Yo — Ae(Y5' Y1 + V' YR))

’U2

(A2 — pi'p)

Small neutrino masses emerge due to cancellations
between the contributions of the two sterile neutrinos

(typically associated to small breaking of some L).
21 Examples:inverse see-saw, extended see-saw...

Mitree = _mDM mp = 9
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Other models of neutrino masses

Radiative masses
If neutrino masses emerge via loops, in models in which

Dirac masses are forbidden, there IR

is an additional suppression. AN

Some of these models have - L=

also dark matter candidates. g> ,
my X 167’(’2 f(Mv :uqﬁ)

R-parity violating SUSY
In the MSSM, there are no neutrino masses. But it is
possible to introduce terms which violate R (and L).

V— —ILLH1H2—|—€ZLH2—|—>\ kLLEk—i—

The bilinear term induces mixing between neutrinos
and higgsino and therefore neutrino masses, the
) trilinear term induces masses at the loop-level.
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Open window on Physics beyond the SM

Neutrinos give a different perspective on physics BSM.

|. Origin of masses 2. Problem of flavour

s ~ 1 A )\3
u de s be A ~1 M\ A~ 0.2
(large angle MSW) e ce e )\3 )\2 ~ 1
M A Ol AL e® ue Tte
L 0.8 05 0.16
L ¢ < X = = 0.4 05 —0.7
. 04 05 0.7
Why neutrinos have mass? S
and why are they so lighter? Why leptonic mixing is
and why their hierarchy is at so different from

most mild? quark mixing?

This points towards a different origin of neutrino
masses and mixing from the ones for quarks: a
23 different window on the physics BSM.

|
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Values of mixing angles suggest an underlying pattern.

Example: Bimaximal mixing

7% 5 O ( O00.1) -00.1)  O(0.1) )
Up=| -3 3 5 |+ ©001) 001 -0(0.01)
R —0(0.1) —-0(0.1) 0(0.01)

In this case, theta23 requires small perturbations but
thetal2 and thetal 3 large ones.

Example: Tribimaximal mixing

% % 0 0(0.001) —0(0.01) ©(0.1)

Uy = + o001 0005 —0(0.01)
. <0(o.1) _0(0.05)  0(0.01)
VY

Large corrections to thetal 3 are needed.

|

Harrison, Perkins, Scott

), and

Three other patterns: golden ratio (tn6i.l, = —
D . 145
j hexagonal (0.2l = 30°) mixing patterns.
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Masses and mixing from the mass matrix

Recall that the mixing matrix arises from the
diagonalisation of the mass matrix

Myr = (U ' mgia UT Z:> ny =U'vy

so the form of the mass matrix will lead to specific
values of the masses (mass ordering) and angles.

Example. In the diagonal basis for the leptons

a b
M= (50

| 2
the angle is tan20 =
a—C

a-+c+2b
2

>1 for a~cand, ora,c<b

and masses M o >
25
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Example: mu-tau symmetry

Large theta23 motivates to consider the mu-tau

symmetry. o ( a b >
Y\ b a

2b
The mixing is given by tan2f = = = 00 = 03 = 45

For 3 generations, this mass matrix respects the

symmetry o0 ae e

M, =/ Am? ac  14¢ 1
Q€ 1 1+ €

2 2
T Am® 5 Am@

I 9 = — — 9 ~ € ~Y
leading to 023 13 Am?,

~ 0.04
4 Am?4

The large value of thetal 3 needs additional corrections.




Example: a discrete symmetry A4

An example of discrete symmetry: Z2 (reflections).

A4 is the group of even
permutations of (1234).

This is a very studied

example of discrete symmetry.
It is the invariant group of a
tetrahedron.

The resulting mass matrices are

9 a 0 O
Ye Ye Ye (V)
VHd 147 127 — _u
M, = UT Yu yu€'4 /3 yu?Q /3 M, A2 0 a d
yr Y23y etin/3 0 d a

The two matrices can be diagonalised and the resulting
mixing matrix is the TBM one: Uppying = UJUV :

27
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Various strategies and ideas: can be employed to
understand the observed pattern (many many models!).

® Texture zero models with
. Me m1
6’12,23,13 — functlon(—, ceey —)
my, mo

too small

® Flavour symmetries

e Complementarity between quarks and leptons
015 + 0~ ~ 45°
® Anarchy (all elements of the matrix of same order).

The models predict specific values for the mixing angles
and specific relations between the deviations from

special values  §,4 ~ 45° @5 ~ (°




Different flavour models can also lead to predictions
for the value of the delta phase:

. . 1+s , r , 1+a
o Sum rUIGS. S111 912 = W, Sin 913 = — S1n 923 — W King, 0710.0530

7
a = ag + Ar coso + higher orders

® discrete models

e charged lepton corrections to U, : Upnns = UlU,

M.-C. Chen and Mahanthappa; Girardi et al.; Petcoyv;
Alonso, Gavela, Isidori, Maiani; Ding et al.; Ma;
Hernandez, Smirnov; Feruglio et al; Mohapatra,
05 | | Nishi;  Holthausen, Lindner; Schmidt; see also
studies by Altarelli, Alonso, Ballett, Bazzocchi,
Brahmachari, Branco, M.-C. Chen, Ding, Felipe,

1

% 0 1 Ferreira, Feruglio, Fonseca, Frigerio, Gavela, Ge,
Grimus, Gupta, Hagedorn, Hanlon, Hernandez,

os | | Holthausen, Hu, King, Joaquim, Joshipura, Ishimori,

' Lam, Lavoura, C.-C. Li, Lindner, Luhn, Ludl, B.-Q.

. ° Ma, E. Ma, Marzocca, Merle, Merlo, Meroni,

1 . Mohapatra, Morisi, Nishi, Ohlsson, Otto Ludl,

02 -015 -04 005 0 005 01 015 02 . -
Pascoli, Patel, Petcov, H. Qu, Rebelo, Repko, Rigolin,

. . Romanino, Roy, Schmidt, Sevilla, Silva-Marcos,
Ballett, King, Luhn, SF, Schmidt, PRD89  girnoy, Stamou, Stuart, Tanimoto, Valle, Villanova
29 del Moral,Vitale,Wegman, Zhang, Zhou, Ziegler...
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Reference | Hierarchy | sin? 26 tan? ;5 sin? 0,
y 23 3

Two necessary Pe———
ingredients for testing i B

Le — L, — L. Models:

° BM [35]| Inverted 0.00029
fI avo u r m O d e I S ° BCM [36]| Inverted 0.00063
GMN1 [37]| Inverted > 0.52 <0.01
GL [38]| Inverted 0
PR [39]| Inverted <0.58 > 0.007
. PreCISlon S3 and S; Models:
CFM  [40]| Normal 0.00006 - 0.001
HLM  [41]| Normal 1.0 0.43 0.0044
measurements of the N B " o
M M KMM  [42]| Inverted 1.0 0.000012
oscillation parameters N O
o MNY [44]| Normal 0.000004 - 0.000036
at fUtu e eXP eriments MPR  [45]| Normal 0.006 - 0.01
. . RS [46]| Inverted Oy3 > 45° < 0.02
Normal 923 S 45° 0
(I nc I u d I ng th S d S Ita’ TY [47)| Inverted 0.93 0.43 0.0025
T [48]| Normal 0.0016 - 0.0036

phase).

A4 Tetrahedral Models:
ABGMP [49]| Normal 0.997 - 1.0 {0.365 - 0.438| 0.00069 - 0.0037
AKKL [50]| Normal 0.006 - 0.04
Ma [51]| Normal 1.0 0.45 0

® The determination of o
the mass hierarchy and M G| Nomal |os7-10| oas | oowos

Texture Zero Models:

of the neutrino mass R B o
Inverted > 0.
S P e Ctru m. WY  [54] Eithter o.ooog -O :(3).2003
Either 0.002 - 0.02
Either 0.02 - 0.15
30 Albright, Chen, PRD 74

Friday, 20 June 14



What is the new physics?

The new Standard Model will contain
® new particles at a new physics scale
® new interactions.

sub-eV eV keV MeV GeV TeV GUT scale

@-S&W | (tiny coup@ @UT see-sawD

TeV see-saw | (small couplings)
see-saw ||, see-saw ll|
extended-type seesaws

radiative models
R-parity V SUSY...

Coupling with the dark sector. Neutrinos can be a
portal to new physics: £, =y L - H new

31
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@UT see-saw |

TeV see-saw |
see-saw ||, see-saw Il
extended-type seesaws
radiative models

R-parity V SUSY...

Low energy See-@

Neutrino masses
and mixing

32
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@UT see-saw |

TeV see-saw |
see-saw ||, see-saw Il
extended-type seesaws
radiative models

R-parity V SUSY...

Low energy See-@

Neutrino masses
and mixing

33
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Complementarity with other searches
There are many (direct and indirect) signatures of

these extensions of the SM.
Indirect signals
(proton decay)

Neutrino
masses
Sighatures
Peak searches
Direct signals in
colliders flavour violation
Kinks in beta
deca .
Y Nuless 2beta deca
Establishing the origin of neutrino masses requires to

have as much information as possible about the masses
¥ and to combine it with other signatures of the models.

Friday, 20 June 14
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Charged lepton flavour violation

CLFV plays a special role. Neutrino masses induce
LFV processes but they are very suppressed.

Br(p — e7)

* Aml
rv'__(EZz 23IC“LT W,)

10—53

Any observation of CLFV would show new physics BSM
and provide clues on the origin of neutrino masses.

Example: extension
of the SM with
singlet

neutrinos
N

Br(p—ey) ~g2(>2,U
35

K N

Example: SUSY see-saw

lgr(XI‘}E:)GVM)GVGID(W@O/ﬂlNO‘
- The

© Ssame

parameters

enter in LFV,

nu masses and

leptogenesis.

Borzumati, Masiero
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Many models of neutrino masses lead to sizable LFV:
Models at the TeV scale with large mixing

Radiative neutrino mass models

SUSY GUT see-saw models

Extra D, extra Higgs etc. S .

‘CCLFV - (K, + 1)A2 laRO—Ml/eLFMV + h.c.

A

K _
m%%% (

EL’y“uL + JL’}/'U'dL) + h.c..

-
-

Other processes can also 1w
take place:

o X — €  conversion
o L — €ce

e |[FV T decay

10

Their relative Br depend on
the underlying new physics

BSM and flavour structure. 102 10° : 10 10
36 de Gouvea,Vogel, 1303.4097 €

Friday, 20 June 14




ol

37

Searches for charged lepton flavour violation processes

10° T T T
A T. Hambye, update of Marciano, Mori 09
102 _
A A
T ~® 1 mu=>e gamma
©
-y Lo, | MEGII at PSI
5 g A One order of
o 10°[ PY BABAR/ Belle i . )
o o super-8?  Magnitude improvement
@ u— ey A
10°F @ u— 3e ‘. A MEGA i
A HN e el .A A mu-> 3e
- g T — ® MEG A
A Sindrum  singrum-1 Mu3e at PSI .
10_;4940 1960 1980 2000 2020 SenSItIVIt)’I Br< |10

mu=-e conversion:
COMET and PRISM Production Solenoid Proton Beam
Sensitivity: Br< 10-'8 A@nsmenoid

Detector Solenoid

Mu2e - ‘-‘-}f =t — M
Sensitivity Br< IO . Calorimeter
| | July 2012: Approval of CD-I by Office of Science Dlrector

May 2014: strongly endorsed by P5. http://mu2e.fnal.gov/
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Leptogenesis and the Baryon asymmetry

There is evidence of the baryon asymmetry:

np =2 "B _ (6.14+0.08) x 10710

Tl

Planck, 1303.5076

In order to generate dynamically a baryon asymmetry,
the Sakharov’s conditions need to be satisfied:

- B (or L) violation;
- C, CP violation;

- departure from thermal equilibrium.

38
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Leptogenesis and the Baryon asymmetry

There is evidence of the baryon asymmetry:

np =2 "B _ (6.14+0.08) x 10710

Tl

Planck, 1303.5076

In order to generate dynamically a baryon asymmetry,
the Sakharov’s conditions need to be satisfied:

. _ Neutrinoless double beta decay
- B (or L) violation; « o

“
“
-

Expansion of the Universe
-«
- departure from thermal equilibrium.

Leptogenesis in models at the origin of
2 neutrino masses

Friday, 20 June 14



Leptogenesis in see-saw type |

e At T>M, the right-handed neutrinos N are in T

equilibrium thanks to the processes which produce
and destroy them:

N < VH
™=M

® When T<M, N drops out of equilibrium
N —(H N — (“H®

® A lepton asymmetry can be generated if

I'(N —-¢H)#T'(N — (°H°)

® Sphalerons convert it into a baryon asymmetry.T=100

GeV
0] Fukugita, Yanagida, PLB |74; Covi, Roulet,Vissani; Buchmuller, Plumacher; Abada et al,, ...
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In order to compute the baryon asymmetry:

|. evaluate the CP-asymmetry
I'N —-/(H)—-T(N¢— (cH®)
€ =
I'(N - /(H)+T'(N¢ — (cH°)

2. solve the Boltzmann equations to take into account
the wash-out of the asymmetry

YL — ke
3. convert the lepton asymmetry into the baryon one
k
Y = —Cg€ ™~ 1073 — 10 %e
g

ForT < 10~ GeV, flavour effects are important.

41
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Is there a connection between low
energy CPV and the baryon
asymmetry?

42
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The general picture

€ depends on the CPV phasesin Y,

and in the U mixing matrix via the see-saw formula.

m, = U*m;UT = —YVTM]?YVU2

Let’s consider see-saw type | with 3 NRs.

High energy Low energy

MR 3 0 ™m; 3 0

Y, 9 6 u 3 3
3 phases missing!
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Specific flavour models

In understanding the origin of the flavour structure, the
see-saw models have a reduced number of parameters.

It may be possible to predict the baryon asymmetry
from the Dirac and Majorana phases.

FLAVOUR P.

See saw :
- Leptogenesis
b/
4
4

‘l

V masses

mixing (U)
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Does observing low energy CPV imply a baryon asymmetry?

It has been shown that, thanks to flavour effects, the low
energy phases enter directly the baryon asymmetry.

Example in see-saw type |, with NH (m|<< m2 <<m3), MI<M2<M3, MI~5
[0A 1] GeV:

. (32 : 32
ér o Mif(Rij) |cassazcrzsin —= — €33512513 sin(0 — 7)}

0.04 |

0.02 \sin@lg Siﬂ&‘ > (.11

N ,
&S O}

—0.02 S111 ng‘exp ~ 0,15

SP, Petcov, Riotto,
PRD75 and NPB774

—0.04 |

~115 —11 —10.5 10 —o5 —9

Log,, Ys

Large thetal 3 implies that delta can give an important
(even dominant) contribution to the baryon asymmetry.
Large CPV is needed and a NH spectrum.
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Observing L violation and CPV
would constitute a strong hint in

favour of leptogenesis as the
origin of the baryon asymmetry,
although not a proof.
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What is the new physics scale?

4 Y
sub-eV eV keV MeV GeV TeV W

Charged lepton

flavour violation, in
SUSY models

Neutrino

Masses .
Sighatures
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What is the new physics scale?

GUT scale

Sighatures

Charged lepton

Neutrinoless . .
flavour violation

double beta

Neutrino
masses
decay
Direct signals in
colliders
48

Leptogenesis with
enhancements of CPV
effects
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Direct searches at the TeV scale

® LNV:same-sign dilepton signal with no missing energy
e multilepton production.

P-P N_,

Interaction

visible particles: photons,
electrons, muons, pions....

The decay length is controlled by the mixing angle and
the branching ratios by SM interactions (and kinematics).

49

Friday, 20 June 14



Searches for LNV decays at colliders

4
g et ATLAS, CMS and LHC-b have
- w -~ P
, s already put new bounds.
d “LWt.ad
L y Ko HFAG
. o g Sretus Jun 2013
4 K*te ot
s K*tet
1 pretpt
1 T et
K':*76+/JL+
g K*e*/;*
p;u*u*
i Tt
1 petet
i 1 7rfe+e+K*7M+M+
é K*—ete™
oN_ 1OE \ Kttt
Z E  CMS2011 a) ) ¢ r—cE
= 1 Vs=7TeV, Ldt=498 fb' —— ' e
= 0= 1 F — © (@)
=
- i 7T “ —— BABAR
YE =
—2: $2 0k LAt —— New Avg.
10 W Tl
3 —— CLg Expected e p™
10 / CLg Expected 1o pe T
// ClLg Expected +2a Vet
—— ClLg Observed ,
10-4 4 —L3sleltS ' S K et ™
-—= DELPHI| Limits -
10'5.|...|...1...1...1...1...|...|. .01 0.1 . . 1.0
60 80 100 120 140 160 180 200 Branchlng Ratio x 106
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my (GeV)

From Lafferty, talk at UKHEP Forum 13
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What is the new physics scale?

4,
sub-eV eV w GeV TeV GUT scale

Sighatures

Neutrino
masses
- Neutrinoless double
decay
51
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Rare tau and meson decays Peak searches
Tau and Meson decays
get resonantly
enhanced for M~ GeV. )
. w4 Yl p y ; =4 C—p
K DN VAN v "l Shrock, PRD 1980
- For M~10-100MeV
1 “\ D K \\_\ ‘; s -~ . .
o i Kinks in beta decays
“)::E- 3 . . - ; _ i — Ty
| > L 0.1 ™
% rr \ . 0.001}
= ok e S
10”7 ; | f = 107 GERDA 90%
107" E \. .'/ 1077+
107" E— \ __ﬁ_./ — .
" R T 100-s 10-° 10~ 0.01
my (GeV) | m 4 (GeV)
59 Atre, Han, Pascoli, Zhang, 0901.3589 Mitra, SEWong, 1310.6218
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Neutrinoless double beta decay

As for light neutrinos, sterile neutrinos, if Majorana, will
induce neutrinoless double beta decay.

i D

o il The half-life time depends
Porg S on neutrino properties.
e i (To*) ™" < Gou |> | NME;(m);

If the masses are below 100 MeV, their effects are not
suppressed

<m>| E| > tight MUy + M| Usa| e

The NME behaviour changes at p~100 MeV, the scale of
the process. In most cases they are subdominant as the

NME for heavy particles suppress their contribution
| w.r.t. the long range processes.
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Particles can be produced directly but very small Yukawa
couplings are required or specific cancellations in the
masses (e.g. extended see-saw).

[S—y
o
Lol D m

N

11 llJl 1 lllllJI 11 lLlI 111 l'ul 11 lLlI 111 llJI

\

S~

Lo}

vV |
c4

Atre, Han,
SP, Zhang,
0901.3589

1 10 100
m, (GeV)
54 m= 0.1 eV
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What is the new physics scale?

Dark Matter:
HDM

Neutrinoless double
beta decay

N
u
w keV MeV GeV TeV GUT scale
Sighatures
Neutrino
masses
Neutrino
oscillations
Kinks in beta
decay
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Events/MeV

Events/MeV

MiniBooNE, PRL 110

Non-standard effects: sterile neutrinos

10't

10°F

Am3?, [eV?]

107'F

Null results
combined

Neutrlno

+_Data (stat err.)

[ v. from u*
|:|me

misi

- Ny
i

-Sf om K’

id

MiniBooNE was designed to test the
LSND excess. It found an excess of
events at low energy. MicroBooNE is
going to probe these hints.

Reactor anomaly: A recomputation of
the reactor fluxes seems to indicate
neutrino disappearance.

_____
_:_f

-
Bemr

_SSMINOS (2011) |

<= Prellmlnary

There is a significant tension
between appearance and
disappearance data. Many plans
to test these anomalies in short
baseline oscillations: nuclear
decays, reactors and

56
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accelerators.

Kopp et al., JHEP 1305 2013 + preliminary at Neutrino 2014
See also Giunti et al., 1308.5288, Conrad et al., 1207.4765
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If light sterile neutrinos are found, it would change our
perspective on neutrino mass models and the flavour
problem.

|. Do they give mass to the light neutrinos, via a low
energy see-saw! Testable in neutrinoless double beta
decay.

0 m Miight 0
( mle; ]\f ) — Utotal ( Og ‘ My ) Ug)tal

Although Majorana neutrinos, no signal in
0= E UeimiUe; neutrinoless double beta decay!
0

2.Why are they so light! Is there a common origin for
sterile neutrino and standard neutrino masses?

3.What is the origin of the mixing pattern!?

4. Are there new sources of CPV?

5.What is their effect on the evolution of the Universe!?




Conclusions

® Neutrino masses are the first evidence of Physics

BSM and they provide a new complementary window
w.r.t. collider and flavour physics searches.

® |t is necessary to have precise information on the
values of the masses and on the mixing angles and CPV
phase. This is crucial to understand the origin of the
leptonic flavour structure (e.g. flavour symmetries).

® Determining the New Standard Model (nuSM),
responsible for neutrino masses, is the ultimate goal. It
requires complementary information: CLFYV,
leptogenesis, direct searches at TeV scale and below,
low energy probes (e.g. short baseline neutrino
oscillations).
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